A two-dimensional nonlinear dynamic finite element (FE) model was developed and calibrated against dynamic centrifuge tests to study the behavior of soil-pile-structure systems in liquefied and laterally spreading ground during earthquakes. The centrifuge models included a simple structure supported on pile group. The soil profiles consisted of a gently sloping clay crust over liquefiable sand over dense sand. The FE model used an effective stress pressure dependent plasticity model for liquefiable soil and a total stress pressure independent plasticity model for clay, beam column elements for piles and structure, and interface springs that couple with the soil mesh for soil-structure interaction. The FE model was evaluated against recorded data for eight cases with same set of baseline parameters. Comparisons between analyses and experiments showed that the FE model was able to approximate the soil and structural responses and reproduce the lateral loads and bending moments on the piles reasonably well.
INTRODUCTION
Dynamic soil-pile-structure interaction is an important consideration in evaluating the seismic performance of pile-supported structures in liquefied and laterally spreading ground.
The complexity of soil-pile-structure interaction in the presence of liquefaction has been demonstrated through a number of case history and physical modeling studies in recent years (e.g., Boulanger and Tokimatsu 2005) . A number of modeling approaches have been capability to capture these more complex features of behavior, but more comparisons of such methods with high quality test data must occur to develop confidence in such methods.
Evaluations against a range of recorded response measures for the soil and structural system can assist in identifying potential limitations in the numerical models. Furthermore, extensive parameter studies are often too costly and time consuming to perform experimentally, and well calibrated numerical models provide the ability to study conditions that are not fully covered by experimental data (e.g., a broader range of input ground motions, structural configurations, and soil profiles). This paper describes the development and calibration of two-dimensional (2-D) dynamic finite element (FE) model using data from centrifuge model tests of pile-group supported structures in soil profiles that experienced liquefaction and lateral spreading during shaking.
The FE model consist a beam-column model of the superstructure and piles attached to a 2-D liquefiable soil mesh by soil springs whose properties depend on liquefaction in the adjacent soil. The centrifuge tests and FE model are described first, followed by comparisons between the computed and recorded soil and structural responses in eight earthquake events. The FE model is evaluated for its ability to capture the essential features and loading mechanism of the soil-pile-structure system, and sensitivities and limitations of the FE model are discussed.
CENTRIFUGE TESTS
Two dynamic centrifuge tests were performed that involved simple structures supported by pile groups in profiles that developed liquefaction and lateral spreading during earthquake shaking. The tests were performed on the 9-m radius centrifuge at the University of California, Davis, and are described in terms of prototype units unless otherwise indicated.
The two models were similar in configurations, as summarized in Table 1 and depicted by the layout of the first model (DDC01) in Figure 1 . The soil profile for both tests consisted of a nonliquefiable clay crust overlying loose sand (Dr ≈ 35%) overlying dense sand (Dr ≈ 80%) with a gently sloping (4 degree) ground surface toward an open river channel. The clay crust was reconstituted Bay Mud clay with average undrained shear strength of about 33 kPa in the first test and 22 kPa in the second test. The sand layers were uniformly-graded Nevada Sand (Cu = 1.5, D50 = 0.15 mm). Water was used as a pore fluid. The six-pile groups included piles of outer diameters of 1.17 m spaced at four diameters center-to-center clamped by an embedded pile cap that provided a moment-resisting connection. The structure mass was 355 tonne for both tests, corresponding to an axial load of 580 kN per pile. The structures had measured fixed-base natural periods of 0.8 s for the first and 0.3 s for the second tests. The recorded responses from these centrifuge model tests were also used in the study by Brandenberg et al. (2005 Brandenberg et al. ( , 2006 Brandenberg et al. ( , 2007 , wherein load transfer mechanisms were identified using back-calculation techniques. Details on those analyses and the resulting load transfer mechanisms provided important guidance on the calibration of the dynamic FE model herein.
FINITE ELEMENT MODEL
The FE modeling was performed using the open-source software platform OpenSees (http://opensees.berkeley.edu) with pre-and post-processing by customized commercial software GiD. The soil and the container were modeled by 2-D continuum elements, and the structure and piles were modeled by beam-column elements attached to the soil mesh by nonlinear soil springs. The soil springs allow relative displacements between the free-field soil mesh and the piles. Soil-pile interaction is an inherently three-dimensional problem that either requires adoption of p-y elements or use of a computationally expensive three dimensional soil continuum with small enough elements around the pile to capture the interaction behavior. The capacity of the soil springs can be controlled by the effective stress in the adjacent soil mesh so that the springs can degrade as soil liquefies. The FE meshes for DDC01 are shown in Figure 2 . The soil, pile, soil spring, structure, and centrifuge container models, together with sequence of analysis steps and solution algorithms are presented below.
SOIL MODELS
The soils were modeled using four node QUADup elements that model the response of solid-fluid fully coupled material based on Biot's theory of porous media. Sand was modeled by PressureDependMultiYield (PDMY) material and clay was modeled by
PressureIndependMultiYield (PIMY) material by Yang and Elgamal (2002) . The materials were assigned to four node quad elements with three degrees of freedom at the four corner nodes (two DOF's for displacement and one for pore pressure). Four node quad elements are known to lock in undrained loading conditions due to incompressibility. Nine-node quad elements were introduced after the work presented in this paper was completed to help solve this problem. However, mesh locking is not anticipated to be significant for the simulations presented herein because soil deformations are dominated by a simple shear mechanism that is less prone to mesh locking. Increased damping in the Newmark integrator was used to suppress high frequency oscillations that can arise from mesh locking.
The out-of-plane thickness of the soil elements is 48 m, the same with the centrifuge models. Typically the out-of-plane thickness of the 2-D mesh would be made very large to enforce plane strain conditions. However, the out-of-plane thickness was set equal to the centrifuge model container thickness in this case to capture any pinning effects introduced by the pile group. A repeat of one of the runs with the out-of-plane thickness set to 1000m resulted in computed responses that were within 3% of the cases with the 48m thickness.
Hence, we conclude that the 48m thickness provided essentially plane-strain conditions and a "free-field" soil site response. In fact, an alternative approach would be to conduct the site response analysis first, without any structural elements, and subsequently input the results into the free ends of the p-y elements. However, in this case the structural mesh was included simultaneously with the soil mesh. The motivation for running a 2-D site response analysis rather than a more typical 1-D site response analysis is that the free-field lateral spreading problem involves an inherently two-dimensional response due to the presence of the slope and river channel.
Separate input parameters for the PDMY material were selected for loose and dense clean saturated Nevada sand with relative densities of 35% and 80%. Some of the model inputs were measured (shear wave velocity, permeability), others were estimated from relative density (friction angle), and the remaining parameters were based on the suggestions of the constitutive model developer and modified slightly to better match behavior observed in many laboratory tests. Hence, we did not carefully calibrate the constitutive model parameters to minimize the mismatch between experimental measurements and computations, but rather made reasonable estimates of the input parameters from the outset and subsequently observed differences between experiments and computations. The procedure we adopted for estimating the inputs is similar to the procedure one might adopt based on geotechnical data that is often obtained from a site investigation (i.e., penetration resistance, shear wave velocity, visual classification).
The low-strain shear modulus is defined by Gmax = Gr (p'/pref) d , where Gr, p, pref, and d represent the reference shear modulus, effective confining pressure, reference mean effective confining pressure, and pressure dependent coefficient. The value of pref was set to 100 kPa and d was set to 0.5. Note that Gmax<Gr for the loose sand since p<pref and Gmax>Gr for the dense sand since p>pref. The value of Gr was chosen so that the Gmax value matched the value computed using Gmax= ρ*vs 2 with the shear wave velocities measured in the centrifuge tests (~ 180 m/s for loose sand and ~320 m/s for dense sand). The model is configured so that the number of yield surfaces and plastic modulus associated with each yield surface can be adjusted to match a modulus reduction (i.e., G/Gmax) relationship. For this study the EPRI (1993) curve for sands at depths ranging from 6 m to 15 m was input to the model. The highstrain portion of the modulus reduction curve was adjusted to provide the desired effective friction angle. The effective peak friction angle was 38° for the dense sand and 32° for the loose sand. The prototype permeability of the sand was taken as the measured values for Nevada sand, increased by the scaling factor N (centrifugal acceleration) to account for the difference in scaling of diffusion and dynamic processes (Kutter 1995) . Lastly, the calibration constants controlling the liquefaction-induced cyclic shear strain, the pore water pressure buildup (contraction) rate, the dilation tendency, and the phase transformation angle were estimated using the guidelines by Yang et al. (2003) , and then further calibrated to approximate the expected cyclic resistances of the Nevada sand under simple shear loading conditions. The calibration constants were adjusted to match liquefaction triggering behavior for the loose sand based on laboratory test data summarized by Kammerer et al. (2000) , and cyclic mobility behavior for the dense sand by comparison with laboratory results by Wu (2002) . The loose sand model was calibrated so that the soil: 1) reached about 5% singleamplitude shear strain after initiation of liquefaction (ru ~ 100%) for loose sand; and 2) had a cyclic stress ratio, CSR, against triggering of ru ~ 100% in 10 uniform cycles of about 0.12.
The dense sand model was calibrated so that it reached 1% shear strain after 10 uniform cycles of CSR=0.24, which is consistent with relations presented by Idriss and Boulanger (2006) .
The PIMY material for clay includes 7 major parameters, where the volumetric stressstrain response is linear-elastic and independent of the deviatoric response with a Von Mises type yield surfaces. The low-strain shear modulus was set based on measurements of shear wave velocity in the clay and empirical correlations to undrained shear strength. The undrained shear strength (su) was 33 kPa and 22 kPa for DDC01 and DDC02, respectively, and was measured with a small hand vane shear device following spin-down of the centrifuge following testing.
The properties of the soil elements used in the FE model are listed in Tables 3. a The yield surfaces and hardening parameters were adjusted to match the input modulus reduction curve. b N is the centrifuge spinning g-level.
c Soil skeleton bulk modulus is for the skeleton only, and combined bulk modulus is for the solid/water mixture, and was computed as Bf/n, where Bf is the bulk modulus of water (2.2x10 6 kPa) and n is porosity.
PILE AND SUPERSTRUCTURE PROPERTIES
The piles, pile cap, and superstructure were modeled using elastic beam-column elements having the dimensions and properties listed in Tables 1 and 4 . The pile cap was modeled using a box of extremely stiff (essentially rigid) beam column elements masses lumped at the nodes. The pile-to -cap connection was modeled as rigid in rotation, and the displacement degrees of freedom of the node at the top of the pile were constrained to be the same as the matching node on the pile cap. The superstructure was approximated as a concentrated mass of 355 tonne at the center of gravity for the actual mass. The structure columns were modeled as a uniform flexural stiffness (EI) that was chosen to produce fixed-base natural periods that equaled the measured values. The three-by-two group of piles was represented by three piles, each having twice the axial, bending, and cap connection stiffness of a single pile. 
SOIL SPRINGS ON PILES
The soil springs that connect the structural model to the 2-D soil mesh were modeled using zero-length elements with the nonlinear p-y (lateral resistance), t-z (shaft friction) and q-z (tip resistance) materials described in Boulanger et al. (1999) and Curras et al. (2001) .
The mean effective stress from the free-field site response analysis is input to the p-y materials, and their capacity is degraded as excess pore pressure develops due to liquefaction according to the equation pult_liq = pult·(1-ru) + pres·ru. The pres value at ru=1 is intended to represent the p-y capacity for fully-liquefied sand that is often represented using a pmultiplier that is applied to the drained capacity (e.g., Brandenberg 2005) . This formulation captures not only the development of liquefaction, but also the cyclic mobility behavior following liquefaction that has been observed in many laboratory tests. Hence, when the freefield site response simulation induces large shear strains in the sand, the excess pore pressure ratio transiently reduces, and the p-y capacity transiently increases. This is part of the cause of the inverted s-shaped p-y behavior observed in many studies (e.g., Wilson et al. 2001 , Tokimatsu et al. 2001 ). An additional increment of shear strain arises from interaction between the soil and pile, and this feature of behavior is only indirectly captured by setting a non-zero value for the residual capacity of the p-y material. A more recent material model by Varun (2010) also incorporates this near-field effect. The capacities and backbones of the p-y springs on the piles were based on American Petroleum Institute (API 1993) recommendations for sand and Matlock's (1970) recommendations for clay. The soil properties used to compute the capacities (pult) of the springs were the same as used for the soil models. The stiffness and capacity of the p-y springs depend on the effective stresses in adjoining 2-D soil mesh, thereby approximately accounting for the effect that liquefaction in the free-field soil has on the subgrade reaction. The residual capacity of the p-y springs is 10% of the drained capacity for springs in loose sand, and is 50% of the drained capacity for springs in dense sand. Details on the formulations are given in Boulanger et al. (1999) .
The t-z spring capacities (tult) were computed for clay using the α method (shaft friction, f = α su) with α = 1 and for sand using f = σv' Ko tanδ with Ko = 0.4 and δ = 24 degree for loose sand and 30 degree for dense sand. The stiffness and capacity of the t-z materials for sand depend on the effective stresses in adjoining 2-D soil elements, thereby approximately accounting for the effect that liquefaction in the free-field soil has on the shaft friction (details in Boulanger et al. 2003) . The backbones of the springs approximated the relation proposed by Reese and O'Neill (1988) for piles in clay, and by Mosher (1984) for piles in sand. The ultimate resistance of t-z material was reached when tip displacement is about 0.5% of pile diameter (zult = 0.005•Dpile).
The drained end-bearing resistance for the sand layer was represented using the bearing capacity factors given by Meyerhof (1976) . The ultimate resistance qult is calculated as qult = Nq•σv,t′, where σv,t′ is the effective vertical stress at the pile tip elevation, and the bearing factor, Nq, is often tabulated in a Figure for a range of friction angles, and embedment depths.
In the FE model, Nq * = 300 corresponds to an effective friction angle of 38˚ for the dense sand at the pile tip. The backbone of the q-z relations was modeled after Vijayvergiya's (1977) relation for piles in sand. The stiffness of the q-z materials was set such that the ultimate resistance was reached when tip displacements were about 2.5% of the pile diameter (zult = 0.025•Dpile) based on the stiffer range of Randolph's (1991) recommendations on the initial stiffness of those springs to account for dynamic shaking effects.
The soil springs for lateral loading between the pile cap and the clay crust based on conventional earth pressure theories presented by Brandenberg et al. (2005) and summarized in Table 5 . The total crust load consists of passive force on the upslope face, forces on the pile segments between the bottom of the pile cap and the bottom of the crust, and friction along the sides and base of the pile cap. The residual resistance of the lateral soil spring with gapping was set equal to the sum of the side and base friction based on the observation that contact along these surfaces would likely be maintained during upslope movement of the pile
cap through an open gap. Radiation damping for the piles and pile cap were approximated using the dashpot components of the lateral soil springs. When using soil springs as connections to a 2-D soil mesh, there will be some radiation of wave energy from the piles to the soil continuum. The large out-of-plane thickness of the soil continuum for these centrifuge models means that the wave energy transmitted from the piles to the 2-D mesh is smaller than would occur for 3-D conditions, so the dashpots approximate the additional wave energy dissipation. The dashpots are applied to the elastic (i.e., far-field) component of the nonlinear soil springs (Wang et al. (1977) frequency-independent approximation is reasonably consistent with the frequency-dependent radiation damping relation suggested by Makris and Gazetas (1993) for the frequency range of interest. The radiation damping relations were formulated for uniform elastic soil profiles, and not for layered profiles with significant nonlinearity like the soil models being analyzed. However, the significant nonlinearity in the hysteretic behavior of the p-y materials introduces additional damping that lessens the relative influence of the radiation damping. Hence, the approximations in assigning radiation damping constants are considered reasonable given the uncertainties involved.
INTERFACE ELEMENTS BETWEEN NONLIQUEFIABLE AND LIQUEFIABLE SOIL
Figure 4(a) shows a displacement discontinuity that formed at the interface between the clay crust and underlying loose sand layer during the centrifuge tests. This displacement discontinuity forms because the shaking-induced excess pore water pressures in the underlying sand causes upward seepage of pore water which is then impeded by the lower permeability clay layer, where it then causes local loosening of the sand beneath the clay and possibly formation of a water film. The physical mechanisms governing the formation of these seepage-induced localizations within slopes were reviewed by Kulasingam et al. (2004) , and are currently beyond the capabilities of most FE programs to model accurately (including the PDMY model). To indirectly incorporate the effects of void redistribution on weakening of the interface between the sand and clay, a sequence of zeroLength elements parallel to the direction of the slope was connected between the sand and clay (rigid links were used in the perpendicular direction). The interface elements used herein [ Fig 4b] were essentially rigid-plastic and were coupled (scaled proportionately) to the effective stresses in the underlying sand elements, such that their shear capacities were equal to the drained shear strength of the loose sand before liquefaction (ru=0) and to a fraction of the drained sand strength after liquefaction (ru=1). An interface residual strength of 3 kPa was used for the baseline analyses, and the sensitivity of the analyses to this parameter was evaluated through sensitivity studies. The deformed FE mesh in Figure 2 -b illustrates the displacement discontinuity between the clay layer and the underlying loose sand layer that is accommodated by the interface elements.
CONTAINER AND BOUNDARY CONDITIONS
The flexible shear beam model container consists of five essentially rigid rings composed of either stainless steel (bottom two rings) or aluminum (upper three rings) separated by soft rubber material that permits the container to deform as a shear beam. The shear beam container is designed to be very flexible relative to a nonliquefied soil column to minimize the influence of container stiffness . However, the mass and stiffness of the container were both deemed important for this study since the liquefied soil profile is anticipated to have very little stiffness. The three-dimensional model container was transformed into two dimensions in the FE model by adjusting the mass density and stiffness of the elements to provide the measured mass and stiffness values for the container. The twodimensional approximation of the container was specified to match the total mass and lateral stiffness (and hence natural periods) of the actual container. The container was modeled using two-dimensional linear elastic isotropic elastic materials in quad elements, and did not permit drainage from the soil. The properties are listed in Table 5 . The surface of the clay and the sand within the channel were free to drain, while all other soil boundaries were impervious. Pore water pressures for the nodes along the free drainage surfaces were set to the hydrostatic values from the water in the channel. The pressures from the water were also modeled as distributed (hydrostatic) pressures along the channel, with hydrodynamic effects reasonably assumed to be negligible for the slope involved.
ANALYSIS SEQUENCE
The sequences of the FE analysis include the following steps: 1) The soil and container meshes were built, and soil permeability was set to a constant value for all layers for fast consolidation under gravity loads, the materials were assigned elastic properties, and then static gravity of the model self weight and hydrostatic pore water pressure from the open water channel were applied to provided the initial soil stress-states for the subsequent analysis; 2) the initial soil deformations from gravity stage were reset to zero, and pile, superstructure and soil spring elements were implemented into the FE model, also structural and pile cap weight were applied as nodal vertical loads, and the material response was set to plastic mode (iteration was required to reach equilibrium upon switching from elastic to plastic mode as the internal material constants updated); 3) soil permeability was set back to the appropriate values (Table 3) , soil and springs materials were updated to plastic stage, and dynamic excitations were applied. A sequence of four motions was applied to each model, and enough time was permitted between shakes to allow excess pore pressures to dissipate.
The recorded base motions from the centrifuge tests were applied to the fixed nodes at the base of the soil and container meshes using the UniformExcitation command in OpenSees.
The Newmark method was used to integrate the dynamic response with γ=0.6 and β=0.3025 for convergence. The penalty method was used for imposing equal-degree-offreedom constraints between nodes. Rayleigh damping was included, with the mass proportional damping (am) and stiffness proportional damping (ak) set as am=0.00 and ak=0.006 according to the estimated first mode frequency and assuming 3% damping for the soil-pile-structure system. The actual damping levels were dominated by hysteretic damping in the nonlinear materials for these analyses, while the above numerical damping sources helped to minimize convergence problems at lower levels of shaking.
COMPARISONS OF RECORDED AND COMPUTED SYSTEM RESPONSES
A total of eight cases (two models, four earthquakes) were analyzed using the single baseline set of parameters in Table 2 by 12% and 20%, respectively. The recorded permanent crust displacement kept increasing significantly after shaking, and the post-shaking crust movement is attributed to the upwardly seeping pore water accumulating at the interface between crust and loose sand. The computed crust displacement stayed stable after shaking since the residual strength of the interface element and loose sand elements in the FE model were set larger than the static shear stress caused by the slope, so it held the crust in equilibrium after the dynamic excitation stopped.
These observations indicate that the actual shear strength at the interface in the centrifuge model was lower than the static driving shear stress, at least for some time following shaking while pore pressures dissipated at the interface. This feature of behavior is difficult to capture numerically using the interface elements adopted in this study because of numerical instabilities that can arise when static driving stresses exceed strengths.
LATERAL LOADS ON PILES
There are two major lateral loads acting on the pile cap in a laterally spreading ground during earthquake shaking, namely, inertial loads due to the accelerations of the pile cap and superstructure masses, and the lateral spreading soil load (crust load) due to the large lateral displacement of the nonliquefiable crust. Figure 6 shows the free body diagram of the pile cap during lateral spreading and earthquakes, where the total lateral load on the pile cap (the total shear at the pile head) is equal to the sum of inertial and the crust loads.
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FE computed and centrifuge recorded time series of bending moment and total shear at the pile head, crust load on the pile cap, total inertial load (cap inertia plus superstructure inertia), together with the ground surface displacement and ru in the middle of loose sand are compared in Figure 7 for DDC01 in the large Kobe motion. The FE computations agree well with the centrifuge recordings in terms of the predominant periods and magnitudes of the lateral loads, as well as the phasing of inertial and crust loads. The peak values in the response parameters tend to be in phase and reasonably consistent. The ultimate values (peak denotes a local maximum, while ultimate denotes the largest value during the shaking sequence) predicted by the FE computations sometimes occur during different cycles than the measured quantities, but the computations predict the timing of the peaks quite well. The FE model agreed with the recordings in showing that peak pile head bending moments occurred at the timings of peak crust loads. The cycles that produced peak crust loads were associated with the strain-hardening responses and transient drops in ru in the underlying loose sand layer, when the loose sand was temporarily stiff and strong and held the pile group in place as the crust slipped past the pile group down slope. A local peak in the inertia load occurred simultaneously with this dilatancy-induced response.
Comparison of recorded and computed bending moment distribution with depth along the piles at the critical loading cycle (timing of maximum total lateral load) was plotted in Figure   8 . The FE computation is most accurate at the pile cap connection, and deviates a bit from the measured bending moments deeper in the profile, though the prediction is reasonably consistent with the measurements.
Detailed results were presented for the large Kobe motion for DDC01, but generally good agreement between computed and recorded time series of lateral loads on the pile cap and pile head bending moments were obtained for all eight cases (four events, two structures).
For example, recorded and computed time series of total shear on the pile head for DDC01 in all four motions were plotted and compared in Figure 9 , which showed that for all four motions, the FE model reproduced the recorded loads quite well.
The maximum structural responses were also compared between the recorded and calculated values for the eight earthquake events. The maximum FE computed system responses were plotted against the recorded peak values for all four motions in Figure 10 .
The system responses include pile and structure accelerations, and total shear and bending moment at the pile head. The solid dots are for DDC01 and hollow dots are for DDC02; the triangles are the three Santa Cruz motions and the round dots are the large Kobe motion.
Overall, computed maximum responses were in reasonably good agreement with their recorded counterparts with errors less than 30%. It also showed that structural responses increased about linearly with amax for the three scaled Santa Cruz motions (the first three data points), and jumped to a much higher value from the large Santa Cruz motion (the third data point) to the large Kobe motion (the fourth data point) even at similar amax, which reflected the influence of the frequency content of input base motion.
SENSITIVITY STUDY OF THE FINITE ELEMENT MODEL
The purpose of this sensitivity study is to understand the influence of input variables on some key output variables such as total shear forces on the pile cap, pile head bending moment, and clay crust displacement, etc. This is important for understanding which input parameters most influence system responses, and therefore must be carefully characterized, and which have little effect on the analysis results.
The following input variables were each assigned a range of values for sensitivity study:
• The strength (pu) of the interface elements.
• The parameters of the p-y springs on the pile cap.
• The out-of-plane thickness of soil.
SENSITIVITY TO STRENGTH OF THE SOIL LAYER INTERFACE ELEMENTS
Sensitivity of the computed maximum lateral loads on the pile cap to the strength of the interface elements between the top clay crust and the underlying liquefiable sand layer for
DDC01during the large Kobe earthquake is presented in Figure 11 , where the interface element strength (pu) is expressed as a fraction of the loose sand layer's drained shear strength (sd). The drained shear strength (sd) of the loose sand was calculated as 30kPa based on the initial vertical effective stress at the interface and friction angle of the loose sand. The ratio of pu/sd = 0.2 is for the baseline case, where the strength the interface elements was equal to 6kPa, with the other pu/sd ratios varying from 0.1 to 1.0.
The maximum crust load decreased nearly linearly with increasing pu of the interface elements. As pu increased, the computed maximum crust load decreased because stiffer interface elements led to smaller crust displacements and thus smaller crust load on the pile cap. For the case of pu / sd < 0.5, the ultimate crust load Pult was mobilized since the interface sliding caused the relative lateral displacement between the pile cap and the crust to be larger than yult of the p-y springs; for the case of pu / sd > 0.5, Pult was not mobilized due to the small interface sliding (less than 1% of the crust thickness, thus smaller than yult), but a significant fraction of crust load was still mobilized due to the ground lurch.
The maximum inertial load did not change much with interface element strength pu, but the maximum total shear decreased considerably with increasing pu. Inertial and crust loads were more in phase when large displacement discontinuities occurred at the interface, but more out of phase when no slip was permitted. The change of loading mechanism caused by interface sliding was discussed in greater details in Chang (2007) using equivalent-static pushover analyses.
Results of additional sensitivity studies are presented in Chang (2007), including the effects of permeability, input motions, and mesh refinements.
SENSITIVITY TO THE OUT-OF-PLANE THICKNESS OF SOIL MESH
The effect of the out-of-plane thickness of soil mesh was studied by repeating analyses with the soil thickness equal to 1000 m (large massive soil) and 50 m (the real thickness of centrifuge model container for DDC01 in the large Kobe motion. It showed that with the same interface element properties, the difference in key output variable caused by the out-ofplane soil thickness are all within 3%. Therefore, as long as the out-of-plane thickness of soil mesh makes the soil massive enough compared to the piles and structures to generate a freefield site response, changes in the out-of-plane soil thickness do not significantly affect the system responses.
LIMITATIONS OF THE FINITE ELEMENT MODEL
Differences between the computed and recorded data could be caused by the uncertainty in the analytical model parameters (e.g., soil constitutive model parameters, strength of the interface elements; load transfer between the piles and the clay crust due to the gap formation/closure around the piles; etc.), differences between the three-dimensional physical models and the two-dimensional representation (e.g., omission of soil densification due to The 2-D FE model developed on OpenSees platform included liquefiable soil elements, elastic beam column elements, nonlinear soil springs, and interface elements. The displacement discontinuity at the clay-loose sand interface was modeled using a set of zerolength interface sliding elements in the FE model. The p-y springs on pile cap were constructed based on the much softer load transfer behavior that accounts for the influence of underlying liquefiable sand on the load transfer in the crust.
The FE model was developed for two purposes: (1) reproduce the experimental results and assist in illustrating the physics and mechanisms of the soil-pile-structural system during complex dynamic loading conditions, and (2) evaluate how sensitive the computed responses are to some input variables, and build the basis for further parametric studies to understand how the observed loading mechanism might be extended to a broader range of conditions.
Good agreement was achieved between the dynamic FE analysis and the centrifuge data for the overall soil and structural responses over the conditions covered in the centrifuge tests. With the same baseline set of parameters, the FE analysis could reproduce the maximum total lateral loads on the pile cap with error less than 10% and the pile head bending moments with error less than 15% on average. The best agreement between computed and recorded results were achieved for the large Kobe motion because the baseline values for two of the more uncertain parameters (residual strength at clay-sand interface, and the soil spring properties on the pile cap) were calibrated against the centrifuge data from the large Kobe motion Sensitivity studies of the FE model showed that the interface sliding between the crust and underlying loose sand layer had significant effects on the lateral spreading soil load exerted on the pile cap, which contributed significantly to the total lateral load on the pile cap and pile head bending moment during earthquakes.
Considering the complications involved, the FE model was able to capture the important mechanisms of load transfer and to be used as a rational basis for estimating behavior for different conditions. Centrifuge model testing data provided a valuable database for calibrating analytical method for numerical simulations. The comparison of eight cases (two models, four motions) showed the values of evaluating the numerical tool against a wide range of conditions instead of a single set of data.
The centrifuge test data consistently show (and the FE simulations consistently predict) that kinematic loads imposed by lateral spreading and inertia demands caused by ground shaking can act simultaneously. Many design procedures specify that these demands should not be combined in analysis based on the assumption that the peak inertia demands occur near the beginning of shaking before the onset of liquefaction, while lateral spreading occurs later in shaking or after shaking due to liquefaction. However, the test data and dynamic FE analyses consistently show that large inertia demands can occur even after the onset of liquefaction. The dilatancy behavior of the liquefied sand (manifested as sudden drops in pore water pressure in undrained loading) is largely responsible for the large inertia demands after liquefaction during some large cycles. 
PDMY Model Calibration
Nevada Sand Lab Dr=40~43% (Kammerer et al. 2000) Nevada Sand Lab Dr=30% (Kammerer et al. 2000) OpenSees PDMY Calib. Dr=35%
Nevada Sand Lab Dr=75% (Kammerer et al. 2000) OpenSees PDMY Calib. Dr=75% Comparison of recorded and computed pile head bending moment, lateral loads on the pile cap, ground surface displacement, pore pressure ratio in the middle of loose sand for the Tfix_base=0.8 s structure during the large Kobe motion. 
